gen, non-protein nitrogen and nucleic acids during wheat grain development. Aust J Physiol 6:449-457.
S. L. Davis
The evolution of dioecy in plants is expected to be followed by sex-specific selection, leading to sexual dimorphism. The extent of the response to selection depends on the genetic covariance structure between traits both within and between the sexes. Here I describe an investigation to determine phenotypic and genetic correlations between reproductive traits within cryptically dioecious Thalictrum pubescens and within morphologically dioecious T. dioicum. Females of T. pubescens produce flowers having stamens and pistils, appearing hermaphroditic. Genetic correlations were estimated as family-mean correlations among paternal half-sib families. Positive phenotypic and genetic correlations between parts of the same reproductive organs, as the anther and filament of the stamen, indicate developmental associations between these traits in both species. Negative genetic correlations were detected between pistil number and size of reproductive organs in T. dioicum and showed the same direction, but not significance, in T. pubescens. There was a negative phenotypic correlation between the number of stamens and the number of pistils within female flowers of T. pubescens. Within T. pubescens, there was a positive genetic correlation between the number of stamens in males and the number of pistils in females, indicating that floral evolution in males and females may not be independent in this species.
Avoidance of inbreeding depression and resource reallocation have long been considered primary factors driving the evolution of gender dimorphism and/or dioecy from cosexuality in plants, yet their relative contributions to this pathway are still argued ( Bawa 1980; Charlesworth and Charlesworth 1978; Charnov et al. 1976; Darwin 1877; Willson 1979) . Whatever the nature of selection driving the evolution of separate sexes, the response to that selection will depend on the relationship, particularly the genetic correlations, between male and female reproductive traits ( Lande 1980) . Theoretical predictions as to what the genetic relationship between reproductive traits might be and what empirical studies have shown have not always coincided. For example, a major assumption underlying theoretical models of sex allocation is the existence of a fixed amount of resources available for reproduction that can be allocated in various ways among the different sexual functions (Charlesworth and Morgan 1991) . This leads to the expectation of negative genetic correlations between male and female traits within cosexuals. Such negative correlations between male and female traits should help augment selection toward sexual specialization among individuals, as individuals that allocate more to male function conversely allocate less to female function (Mazer et al. 1999 ). Yet studies have often found positive correlations in allocation to male and female functions (Ashman 1999; Campbell 1997; Elle 1998; Fenster and Carr 1997; O'Neil and Schmitt 1993) . Positive correlations between traits can be caused by greater genetic variation among individuals in resource acquisition than in allocation ( Houle 1991) , so individuals with more resources available would allocate more to both male and female traits. Selection can also shape genetic correlations between two traits that interact together to perform a given function. If functional integration between traits increases an individual's fitness, selection would act to increase the positive correlation between those traits (Conner 1997; Conner and Via 1993) .
Once dioecy has been established, further changes between the sexes in resource allocation patterns are expected to occur because of sex-specific selection (either sexual or natural selection (Geber 1995) , leading to sexual dimorphism (Cox 1981; Lloyd and Webb 1977; Meagher 1994; Willson 1979) . However, positive genetic correlations between traits in each sex would limit the independent evolution of those traits in males and females ( Lande 1980 ; but see Cheverud et al. 1985) . For example, selection against a particular trait may be countered by selection favoring that same trait in the opposite sex. Positive genetic correlations between the sexes are predicted because when dioecy first arises, sexual dimorphism should be low and homologous characters in the two sexes should be under the control of the same or overlapping sets of genes in each sex (Meagher 1992 (Meagher , 1994 . One possible example of this constraint on the evolution of sexual dimorphism may be found in dioecious species in which at least one of the sexes produces full size, yet nonfunctional, sexual organs of the opposite sex, making them appear hermaphroditic. This condition is known as cryptic dioecy (Mayer and Charlesworth 1991) . The maintenance of cryptic dioecy could be explained by the existence of positive genetic correlations between the sexes so that, for example, selection for resource reallocation and reduction of anthers in females would be countered by selection favoring anthers in males. Hence the study of the genetic relationship between reproductive traits in cryptically dioecious species and their relatives offer a unique opportunity to better understand factors influencing breeding system evolution and sexual dimorphism.
In this article I describe an investigation to determine the relationship between reproductive traits within the cryptically dioecious species Thalictrum pubescens and its dioecious relative T. dioicum. As with most cryptically dioecious species, T. pubescens is morphologically androdioecious but functionally dioecious. Females produce flowers that have both stamens and pistils, making them appear hermaphroditic. T. dioicum is functionally and morphologically dioecious. Females of T. pubescens appear to invest the same amount of resources per stamen as males. Furthermore, a possible trade-off between stamen and pistil production within female flowers indicates that females may be maintaining stamen production at the expense of pistil production, and hence potential seed production ( Davis SL, in preparation) . Therefore there should be strong selection against producing stamens in females. Davis (1997) found that females of T. pubescens whose stamens had been removed did not suffer reduced seed set due to a lack of adequate pollination by insects, most likely because this plant is also pollinated by wind. Hence stamens in females of this species are not likely maintained as a reward for pollinators. Consequently I have investigated the genetic relationship among the reproductive traits in this species to help understand why females are morphologically hermaphroditic.
Materials and Methods

Study Species
T. pubescens and T. dioicum are members of the Ranunculaceae. Sex determination in Thalictrum sp. appears to be under nuclear control, with males serving as the heterogametic sex (reviewed in Meagher 1988) . Both species lack petals and nectaries ( Boivin 1944) . Sepals are small and whitish and fall off quickly as the flower ages. T. pubescens is a summer flowering perennial that grows in rich woods, low thickets, swamps, wet meadows, and stream banks. Females of T. pubescens are functionally unisexual, but morphologically hermaphroditic: females produce pistillate flowers with an average of 12 pistils with uniovulate ovaries and 8 stamens containing inaperturate pollen. Males produce only staminate flowers with an average of 38 stamens and no vestigial pistils ( Davis SL, in preparation) . Both wind and insects have been reported to pollinate this species ( Davis 1997; Kaplan and Mulcahy 1971; Keener 1976) . T. dioicum is an early spring flowering perennial that grows in rich rocky woods, ravines, and alluvial terraces ( Keener 1976) . Flowers of both sexes are both functionally and morphologically unisexual. This species is solely wind-pollinated and shows characteristics associated with this mode of pollination: stamens of males are pendulous and pistils of females are upright. Field sites for the populations to be used in the study are Cedar Bluffs State Nature Preserve located near Bloomington, Indiana, for T. dioicum and a small unused field located near Fort Hill State Historical Park near Hillsborough, Ohio, for T. pubescens.
Phenotypic and Genetic Correlations
When character traits to be correlated cannot be measured on the same individual (such as individuals growing in different environments), genetic correlations cannot be estimated directly ( Via 1984) . Genetic correlations between the sexes are directly analogous to genetic correlations between environments in that the two sexes represent different physiological environments (Meagher 1992 ). An approximation to the genetic correlation is the correlation of family means. The estimation of covariation of family means (cov m ) contains both the covariance among families and a fraction of the within-family ''error'' variance, so cov m ϭ cov among ϩ (1/n)cov within , where n is the number of individuals per family. Hence the standard family mean correlation is expected to estimate the true value as the number of individuals per family increases ( Via 1984) . It is safe to assume that any significant negative correlations within or among taxa represent real genetic constraints, because any bias due to environmental effects in the greenhouse would likely skew values in a positive direction ( Fry 1993; Houle 1991; Mazer and Hultgård 1993) .
Seeds from 30 open-pollinated maternal plants of each species were collected from the field sites described above. Seeds of T. dioicum were collected in April 1994 and seeds of T. pubescens were collected in August 1994. Seeds of both species were planted in late September 1994 in trays of MetroMix soil and placed in a 4ЊC cold room for 6 weeks. Germination rate is low (ഠ30%), so large numbers of seeds by the handful per maternal plant were sown. Seeds from 28 maternal lines of T. dioicum and 21 maternal lines from T. pubescens germinated. Trays were then transferred to a mist room in a greenhouse at Indiana University. After the seeds germinated and seedlings reached a reasonable size (after 7-8 weeks), 2-15 seedlings per maternal line, depending on how many had germinated, were transplanted into 4 in. clay pots filled with a 3:1 mixture of soil and peat. Plants were placed in a greenhouse at the Botanical Experimental Field Station at Indiana University. After another 8-10 weeks of growth, the plants were transplanted into 8 in. pots, filled with a 3:1 mixture of soil and peat. When these plants flowered they were used to create paternal half-sib families in both species as described below.
For T. dioicum, plants flowered in January-March 1995. A total of 26 males, each from a different maternal line, were each crossed with three to five females from maternal lines different from each other and from the male being crossed. Seeds from each cross were collected and coldtreated, and germinated as described above. A maximum of 15 seedlings from each father ϫ mother combination was transplanted into 4 in. pots. Plants began to flower in February 1996, before they were transplanted, so they were kept in the 4 in. pots. On the first or second day of flowering, two flowers per plant were collected in 70% ethyl alcohol ( ETOH) for measurements to be taken in the laboratory. Two flowers per plant seems an adequate number, as the within-plant variation among floral traits is much lower than the among-plant variation in floral traits. There were a total of 26 paternal families with an average of 12.4 individuals per family.
Flowering rate was low in T. pubescens. Less than 20% of T. pubescens plants flowered in 1995, and another round of flowering started in August 1996. Although not ideal, by using plants in both rounds of flowering, I was able to use 17 males to pollinate two to three females each. Seeds from each paternal half-sib family were planted and cold-treated in September 1997 as described above. A maximum of 15 seedlings from each father ϫ mother combination of T. pubescens were transplanted into 4 in. pots in October 1997. To promote greater flowering rates, these plants were exposed to another round of cold-stratification by leaving the greenhouse unheated unless the temperature dropped below 40ЊF starting in early January 1998. In mid-March 1998, as the temperature increased, the plants were transplanted into 8 in. pots and moved into a greenhouse with the minimum temperature control turned off. Plants started flowering in early May. On the first or second day of flowering for each plant, two flowers were collected in 70% ETOH for measurements to be taken in the laboratory. One family failed to have any seeds germinate and one other failed to have any plants flower, giving a total of 15 families with an average of 16.2 individuals per family.
Measurements on all flowers were taken using a micrometer on a dissecting microscope under 8ϫ magnification. Traits measured were number of stamens, number of pistils, stigma length, ovary length, anther length, filament length, and sepal length.
Phenotypic correlations were calculated by using the entire dataset for each species. Pearson product-moment correlation coefficients were calculated for each pair of variables within each sex.
Because of the small number of plants that flowered at one time precluded a complete crossing design, the power of this experiment was limited. Variance components for maternal and paternal ef- Phenotypic correlations are shown above the diagonal and family-mean correlations are shown below the diagonal. N is indicated in parentheses. Those correlations that are significant after correcting for multiple tests by using a sequential Bonferroni technique are shown in bold. * P Յ .05; ** P Յ .001.
Length measurements are in millimeters.
fects could not be estimated and heritabilities for individual traits were not calculated. For estimates of genetic correlations, the mean of each trait was calculated for each paternal half-sib family.
Pearson product-moment correlation coefficients were then calculated for each pair of traits among half-sib families. The number of data points could have been increased by collapsing the design and using full-sib families. However, these data points would not be independent of one another, since in the breeding design each mother was crossed with multiple fathers. The correlation between the number of stamens in males and the number of pistils in females in both species was calculated, as, in a sense, these characters represent homologous structures in the two sexes. In addition, for T. pubescens, correlations were calculated between the pairs of traits shared by males and females: number of stamens, stamen length, anther length. Because the correlations were calculated among paternal sibships, variation due to maternal effects should be minimal. Log-transformation of nonnormally distributed variables did not change the substance of the results, so the analyses on untransformed data are presented for ease of interpretation. For each group of correlations within each sex (i.e., within-female phenotypic correlations, within-male genetic correlations), significance levels were corrected for multiple tests using a sequential Bonferroni procedure (Rice 1989 ). The table-wise error rate was set at ␣ ϭ 0.05, which was then divided by the number of tests within the table. If the lowest P value within the table was less than this new adjusted ␣ value, that correlation was considered significant. The next lowest P value was then compared to a new ␣ value of 0.05 divided by the number of tests minus 1, and so on, until a nonsignificant test was reached.
Results
Thalictrum dioicum
Two classes of phenotypic correlations were significant in both sexes. First, structures within organs were positively correlated: within the pistil, stigma length was positively correlated with ovary length ( Table 1) , and within the stamen, anther length was strongly correlated with filament length ( Table 2) . Second, positive phenotypic correlations exist in both females and males between the size of sexual organs and the size of the sepals ( Tables 1 and 2). No significant phenotypic correlations were associated with either the number of pistils or the number of stamens.
There were no significant genetic correlations within male floral traits ( Table  2) . A significant negative genetic correlation was present between ovary size and pistil number within female flowers ( Table  1) . As ovary size increases, pistil number decreases. The genetic correlation between stamen number in males and pistil number in females was not significant (r ϭ Ϫ0.061, N ϭ 26, P ϭ .767; Figure 1A ).
Thalictrum pubescens
Patterns of phenotypic correlations in T. pubescens were similar to those found in T. dioicum ( Tables 3 and 4) . Within the pistils of females, stigma length was positively correlated with ovary length ( Table 3) , and within the stamens of both males and females, anther length was strongly correlated with filament length ( Tables 3 and  4) . Sepal length was positively correlated with the size of stamens and pistils in females and with stamen size in males. The number of pistils in females was negatively correlated with the size of the ovary and with the size of the stamen parts: flowers with large numbers of pistils had smaller stamens and pistils. In addition, there was a negative correlation between the number of stamens and the number of pistils within female flowers ( Table 3) .
Most of the genotypic correlations within females were in the same direction as the phenotypic correlations. However, after correcting for multiple tests, none of these correlations were significant ( Table  3) . Within male flowers, anther length was again significantly correlated with filament Phenotypic correlations are shown above the diagonal and family-mean correlations are shown below the diagonal. N is indicated in parentheses. Correlations that are significant after correcting for multiple tests by using a sequential Bonferroni technique are shown in bold. * P Յ .05; ** P Յ .001.
Length measurements are in millimeters. Phenotypic correlations are shown above the diagonal and family-mean correlations are shown below the diagonal. N is indicated in parentheses. Those correlations that are significant after correcting for multiple tests by using a sequential Bonferroni technique are shown in bold. * P Յ .05; ** P Յ .001.
length, and again there was a trend for these traits to be positively correlated with sepal size ( Table 4 ). In T. pubescens, there were no significant correlations between stamen characters in males and stamen characters in females as were expected. However, there was a positive correlation among families between the number of stamens and the number of pistils: sibships with females that have many pistils also have males that have many stamens ( Figure 1B ).
Discussion
The repeated detection of correlations between specific traits among closely related species can provide insights into selection patterns and the joint evolution of these traits (Mazer and Hultgård 1993) . Despite the lack of power in the breeding design, the phenotypic and genetic correlations found in this study were similar in both species. These patterns of covariation are discussed below in terms of how they may contribute to evidence of genetic constraints on the independent evolution of floral traits within the genus.
Correlations Within Flowers
Positive genetic correlations between parts of the same structure, such as those found here between anther and filament length in the stamen and ovary and stigma length in the pistil, are not surprising and most likely reflect strong developmental associations between these traits. These correlations might impose constraints on selection responses if, for example, males are selected to have longer filaments in order to aid in pollen dispersal in a windpollinated plant, but are under conflicting selection pressure to maintain a certain anther size.
A second prevalent positive correlation was that of the phenotypic correlation between the size of the sexual organs and that of the sepals in both sexes of both species. As both species are wind pollinated and sepals fall off shortly after the flower matures, the perianth (in this case just sepals) most likely does not function in pollinator attraction, and hence does not play a factor in determining their size in males versus females. Two other possible hypotheses, however, might lead to the observed correlations. First, developmental associations between the corolla and stamens (androecium) may cause a positive correlation between these structures. Second, the role of the perianth in enclosing the reproductive structures in the bud may result in a correlation between the size of enclosed structures and the sepals or petals ( Delph et al. 1996) . Sepal size was phenotypically correlated with stamen size in both males and females of T. pubescens, but showed no correlation with pistil size in females, so it appears that in T. pubescens the data follows the prediction that developmental associations with stamens contribute to the determination of sepal size. In the morphologically dioecious T. dioicum, however, sepal size was phenotypically correlated with stamen size in males and pistil size in females, so a developmental relationship with anthers alone cannot account for sepal size and the protective function of the sepals may be playing a more prominent role.
There were no significant negative correlations, either phenotypic or genetic, within male flowers of either species. However, there was a negative genetic correlation between ovary size and pistil number in females of T. dioicum and a negative phenotypic correlation between the number of pistils and the size of both stamens and pistils in females of T. pubescens. If negative correlations indicate the presence of trade-offs in allocation between traits, this agrees with Bateman's principle (1948) , which asserts that female reproduction is more likely to be limited by resources, whereas male reproduction is more often limited by access to mates.
There was also a negative phenotypic correlation between the number of pistils and the number of stamens within female flowers of T. pubescens. In other words, plants appear to be limited in the total number of reproductive organs that they can make within the flower: plants that make more pistils per flower also produce fewer stamens. This limitation in flower size may be due to either the amount of space or the number of primordial meristems within the flower and not just the amount of resources available. Pistils have three times the biomass as stamens ( Davis SL, in preparation) . However, despite their relatively small cost compared to pistils in terms of resources, producing more stamens reduces pistil production.
The genetic correlation between these traits mirrored the phenotypic correlation in sign, arguing that this may be a real trade-off, but was not statistically significant. The existence of negative genetic correlations may not be easily detected: for example, Mazer et al. (1999) found evidence of a negative genetic correlation between anther number and ovule number in Spergularia marina only after determining correlated responses to artificial selection.
Correlations Between the Sexes
Since the perianth in the two species studied here are relatively small compared to the reproductive structures within the flower, the size of the flowers in these species is most easily measured by the number of reproductive organs per flower. There was no genetic correlation between the number of pistils per flower in females and the number of stamens per flower in males in T. dioicum. Therefore the size of flowers in males and females should be able to respond independently to selection in this species.
If the same genes control stamen production in males and females of T. pubescens, a positive genetic correlation should exist between these traits. Instead, the family-mean correlation between these traits was nonsignificant. On the other hand, the positive genetic correlation between stamen number in males and pistil number in females of T. pubescens still indicates that flower development in the two sexes is not independent, so selection acting differentially in each sex may not lead to separate evolutionary optima. Since pistils and stamens are not directly homologous, the correlation between these traits could be explained if it is flower size that is being genetically controlled, which would then determine the number of reproductive organs per flower that can be made. Furthermore, although the number of stamens in males is not directly correlated with the number of stamens in females, they are not independent. For example, families with large flowers would be comprised of males that have many stamens per flower and females that have many pistils per flower. The within-flower phenotypic correlations showed that females that produce many pistils per flower also produce fewer stamens.
One possible explanation for the maintenance of the positive correlation between stamen number in males and pistil number in females would be if flower size was negatively correlated with flower number, so that families that have fewer flowers per plant also have bigger flowers in both males and females. Meagher (1994) found that artificial selection on flower size caused an indirect and inverse effect on flower number in Silene latifolia, suggesting a negative genetic correlation between these traits. A similar negative correlation between flower size and flower number may be maintaining the positive correlation between flower size in males and in females of T. pubescens.
Since each pistil in females of T. pubescens is uniovulate, the number of pistils a female produces directly determines the number of seeds that female can potentially produce. If selection acts against stamen production in favor of more pistils, and hence more possible seeds, the negative correlation between stamen and pistil production within female flowers should be able to augment this selection and hasten a response toward further sexual dimorphism in T. pubescens. Two factors may help account for the maintenance of stamens. First, environmental variation may mask the trade-off between stamens and pistils in natural populations and reduce its effects ( Fry 1993; Houle 1991) . Davis (in preparation) was able to detect a negative phenotypic correlation between these traits in only 1 of 4 years in the same natural population from which the seeds for this study were originally collected. This also happened to be a year when overall flower size was significantly smaller, suggesting reduced environmental variance in that year. So although there is a trade-off between stamen and pistil production, its effects on evolution may be limited. Second, conflicting selection pressures on flower size in males and flower size in females, along with the positive genetic correlation between these traits may prevent the loss of stamens in females. Males, whose reproduction is theoretically limited by access to mates, may be selected to have larger flowers with more stamens. Selection on increased flower size (more stamens) in males would result in a correlated response in females for more pistils. For females, whose reproduction may be limited by resources, producing more pistils leads to smaller pistils (as indicated by the negative phenotypic correlation), and hence possibly smaller, less viable seeds, so females may be under selection to produce flowers with fewer, larger pistils and more stamens. In this way, conflicting selection pressure in males and females, in conjunction with positive genetic correlations between males and females, may be maintaining genetic variation for stamen production in females.
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